Local tissue oxygenation profoundly influences placental development. To elucidate the impact of hypoxia on cellular and molecular adaptation in vivo, pregnant mice at embryonic day 7.5 -11.5 were exposed to reduced environmental oxygen (6-7% O 2 ) for various periods of time. HIF-1α mRNA was highly expressed in the placenta while HIF-2α was predominantly found in the decidua indicating that HIF-1 is a relevant oxygen-dependent factor involved in placental development. During severe hypoxia, HIF-1α protein was strongly induced in the periphery, however, not in the labyrinth layer of the placenta. Accordingly, no indication for tissue hypoxia in this central area was detected using EF-5 staining and VEGF expression as hypoxic markers. The absence of significant tissue hypoxia was reflected by preserved placental architecture and trophoblast differentiation. In the search for mechanisms preventing local hypoxia we found upregulation of endothelial NO synthase (eNOS) expression in the labyrinth layer. Inhibition of NOS activity by L-NAME application resulted in ubiquitous placental tissue hypoxia. Our results show that even during severe systemic hypoxia placental oxygenation is preserved and imply that NOS-mediated mechanisms are involved to protect the placenta from maternal hypoxia.
Introduction
Successful pregnancy depends on a healthy developing placenta acting as the structural and functional interface between the fetal and maternal circulation. The placenta develops at continuously changing oxygen levels (23, 40). Development therefore has to adapt or may even depend on certain oxygen levels during particular periods of placental establishment.
Indeed, there is evidence that increased placental oxygen tension caused by opening of the intervillous space at the end of the first trimester plays a central role in determining placental trophoblast cell fate, thereby regulating placental growth and cellular architecture during placentation (8, 17) . Furthermore, during the course of pregnancy, adaptation of the villous vascular network is reflected by a change from branching to non-branching angiogenesis which may at least in part be a consequence of changing oxygen levels (2, 25) . In the pregnant mouse, placental circulation is established by E9-E9. 5 . At earlier stages placental development presumably occurs within a low oxygen environment (14, 33) .
Disturbance of physiological oxygen concentrations may lead to abnormal placental development. In pre-eclampsia, a severe pregnancy disorder, important cellular developmental steps are compromised and have been attributed to disturbed oxygen levels (5, (16) (17) (18) 39) . Furthermore, various forms of intrauterine growth retardation have been associated with distinct villous vascular alterations that potentially are related to inadequate changes in placental oxygen partial pressure (25) . An untimely switch in oxygen tension or a failure in proper cellular oxygen sensing may therefore be responsible for a deregulated placental structure and function corresponding to the situation observed in these pregnancy disorders.
Adaptation to altering oxygen levels is mainly mediated by the hypoxia-inducible transcription factors HIF-1 and HIF-2. HIFs are heterodimers composed of an α and β subunit, the latter being identical to the aryl hydrocarbon receptor nuclear translocator (ARNT) (47). Upon hypoxic stabilization, HIF-1 transactivates oxygen-regulated genes such as the inducible nitric oxide synthase (iNOS) (32) and vascular endothelial growth factor (VEGF) (15) . VEGF promotes new vessel growth leading to enhanced blood flow and thereby increasing the amount of oxygen delivered to the hypoxic tissue (30) . Similarly, NO generated by NOS serves as a key signaling molecule in the regulation of vascular tone by mediating endothelium-dependent vascular relaxation and thus, can increase local blood flow (37) .
Due to its ubiquitous expression, HIF-1 represents the master regulator of oxygen-dependent gene transcription (21, 48 ). The human placenta shows a time-dependent expression of HIF-1α with high levels in early pregnancy followed by a drop at later stages when oxygen levels are believed to increase (8) . In keeping with this, pre-eclamptic placentas have been observed to alter HIF-1α expression (8, 38) . Mice, deficient for the common subunit HIF-1β / ARNT, that have lost responsiveness to hypoxia, display dramatically reduced numbers of spongiotrophoblast cells while the amount of trophoblast giant cells is increased. Furthermore, vascularization of the placental labyrinth is impaired in these mice (1) . These observations support the crucial role of adequate placental oxygenation and suggest that oxygen dependent transcription factors and their target genes are important for the regulation of trophoblast cell fate at the fetomaternal border and angiogenesis during normal placentation and disease.
Considering the impact of varying oxygen levels during this highly sensible period establishing placental circulation, we aimed to analyze mechanisms of adaptive cellular and molecular responses during events of reduced oxygen levels. To this end, mice were exposed to severe environmental hypoxia during early pregnancy, when critical steps for proper placental cellular and vascular development occur. Analysis of placental architecture and distribution of trophoblast subpopulations at the fetomaternal border as well as distribution of placental oxygen levels modulating expression of oxygen regulated transcription factors and, their target genes during placentation revealed highly adaptive maintenance of placental oxygenation and development.
Material and Methods
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Animals
All experiments were approved by the Kantonales Veterinäramt Zürich. Eight to ten week-old NMRI outbred mice were mated and the noon after detection of the vaginal plug was designated as embryonic day (E) 0.5. Pregnant mice at E7.5-E10.5 were subjected to systemic normobaric hypoxia by substituting oxygen with nitrogen using a Digamix 2M 302/a-F pump (H. Woesthoff GmbH, Bochum, Germany) at a constant gas flow rate of 37 l/min in a Persplex chamber. Mice had access to food and water ad libitum. Animals were allowed to adapt to the hypoxic environment by gradually decreasing the F IO2 from 0.21 to 0.07 or 0.06 
In situ hybridization
In situ hybridization was performed essentially as described (4) the staining intensity of eNOS, iNOS and PECAM relative optical densities (ROD) were determined in digital images of the placental sections. In addition, the ratio between target area (Tgt) and scan area was determined. This measure provides information about the proportion of the stained area to total labyrinth area. Shrinkage could result in an increased ROD since the proteins could move more closely together. Therefore a real increase in expression level requires an increased ROD at an unchanged and /or increased ratio between Tgt and scan area or an unchanged ROD at an increased ratio between Tgt and scan area.
Statistics:
Values for ROD and the ratio of Tgt and scan area were analyzed using two-tailed t-test for unpaired samples with Bonferroni correction. The level of statistical significance was set at p<0.05.
Results
Severe hypoxia does not alter placental morphology and trophoblast development
Mice were exposed to severe hypoxia during critical steps of placental development and the distribution of trophoblasts subpopulations were analyzed by in situ hybridization with specific markers for spongiotrophoblasts (4311) and trophoblast giant cells (PlLac1).
Expression levels of 4311 and PlLac1 were similar in E8.5 (n=3), E9.5 (n=3) and E10.5 (n=3) placentas after 24 h exposure to 7% O 2 as compared to normoxic controls, indicating comparable ratios and normal differentiation of spongiotrophoblasts and trophoblast giant cells, respectively (Fig.1) . Furthermore, regional distribution of 4311 and PlLac1 gene expression was unchanged, suggesting no gross alteration in the placental architecture of hypoxic mice. Reoxygenation of pregnant mice after hypoxic exposure for additional 24 h prior to placental harvesting did not lead to structural differences either (data not shown).
This lack of morphological changes in the placenta from hypoxic mothers led us to analyze expression of molecular markers for tissue hypoxia. VEGF is induced by hypoxia in a HIF-1-dependent manner (15) and controls the vascular network in the placental labyrinth (3). Thus, in situ hybridization studies were performed in placentas of hypoxic mice exposed to 7% O 2 for 24h at E9.5 (n=3) and E10.5 (n=3). In the normoxic control placenta, VEGF was mainly expressed in the labyrinth layer as described earlier (3). However, no increase in VEGF expression was observed in the placental labyrinth layer of hypoxic mice while VEGF was clearly upregulated in the decidua (Fig. 2) . Inspection of vascular structures visualized by immunohistochemistry using the endothelial marker PECAM-1, as well as Flk-1, a marker for newly formed blood vessels, showed no major differences when comparing normoxic and hypoxic mice (Fig. 2) . To further quantify placental vascularity, the space covered by PECAM-1-positive vascular structures was morphometrically measured, again revealing no difference between normoxic and hypoxic mice (Fig.6 ).
HIFs and placental oxygen levels are regionally distributed
Since hypoxic signals are mediated through HIFs and considering that hypoxic VEGF expression is controlled by HIF-1 (15) and HIF-2 (13), the presence and distribution of the oxygen dependent α-subunits HIF-1α and -2α were directly analyzed by in situ hybridization.
In placentas from normoxic animals (n=4), a strong signal for HIF-1α mRNA was detected throughout the placenta gradually increasing towards the fetomaternal border, while expression was low in the maternal decidua (Fig.3) . In contrast, HIF-2α mRNA was strongly expressed in the maternal decidua and only low levels were detected in the placenta (Fig.3) .
During hypoxic exposure (n=4), no major change in HIF-1α mRNA expression was detected as expected considering that hypoxic regulation of this factor occurs mainly through protein stabilization (21, 48), while HIF-2α mRNA expression appeared to be induced in the decidua but clearly not in the placenta (Fig. 3) .
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For analysis of HIF-1α protein levels, animals were exposed to prolonged (24 h) and to short term hypoxia (4 h) as it has been shown that prolonged hypoxia may lead to down-regulation of HIF-1α protein (44) . HIF-1α protein was barely detectable in placentas of normoxic mice and mainly confined to singular trophoblast giant cells at peripheral areas of the placenta (n=6) (Fig. 4A) . By contrast, a strong HIF-1α signal was observed in the trophoblast giant and adjacent spongiotrophoblast cell layer after 4 h of hypoxia (n=7; 6% O 2 ) (Fig. 4A) . HIF-1α
was highly expressed in the peripheral areas of the placenta, while signal intensity decreased towards the center. Interestingly, no HIF-1α signal was detected in the labyrinth layer of the placenta, although HIF-1α mRNA was present there (Fig.3) suggestive of normal tissue oxygenation. After prolonged exposure to 24 h of hypoxia (n=3) HIF-1α was strongly expressed in the same areas as observed after 4 h of hypoxic exposure (data not shown). Of note, in placentas of early development (E8.5), when oxygen levels are believed to be low, no immunohistochemical signal for HIF-1α expression was observed in the ectoplacental cone (n=3) (Fig. 4B ). As observed above, upon hypoxic exposure, HIF-1α was induced in the trophoblast border zone, but not in the central area.
To exclude that the absence of HIF-1α protein in the placental labyrinth was due to limited immunohistochemistry sensitivity, we aimed to directly map hypoxic regions in the placenta in vivo using the hypoxia marker EF-5. As shown in Fig. 4C , during hypoxia, a strong EF-5 signal was obtained in outer placental areas of the trophoblast giant cell layer and the spongiotrophoblast cell layer with decreasing intensity towards the placental center (n=6).
However, no increase in EF-5 signal intensity was detectable in the inner labyrinth layer compared to normoxic controls. The hypoxic regions identified by EF-5 coincided well with HIF-1α protein expression (Fig. 4A) . The maternal decidua displayed a decent increase in hypoxic signal activity.
Increased eNOS expression is involved in placental protection from hypoxia
We assumed that elevated placental blood flow by NO-mediated vasodilation is a mechanism to maintain proper oxygen homeostasis in the placenta´s central region. To test this hypothesis, pregnant mice at E10.5 and E11.5 were exposed to acute (n=3) (4 h) and prolonged (n=5) (24 h) hypoxia and placentas were analyzed for endothelial eNOS and inducible iNOS expression by immunohistochemistry. In normoxic controls, iNOS was expressed in all layers of the placenta, while eNOS expression was confined to the placental labyrinth layer only (Fig.5) . Acute hypoxia did not lead to alterations in NOS expression (data not shown). However, placentas of the prolonged hypoxia group displayed clearly enhanced eNOS expression while no evidence for increased iNOS expression was detected (Fig. 5 ).
Morphometric analysis revealed significantly increased eNOS expression by 23 % as compared to normoxic controls, while iNOS expression remained unchanged (Fig.6 ). For direct compararability of normoxic and hypoxic tissue, care was taken to analyze matched target areas for each digital scan (Fig.6 ).
To confirm NOS as protective factor for placental tissue oxygenation, NOS activity was blocked by L-NAME. Upon intravenous L-NAME administration, a strong increase in hypoxia signal activity as analyzed by EF-5 and HIF-1α staining was found in the placental labyrinth layer (n=7) (Fig. 4A,C) .
Discussion
Our main findings are that i) despite exposure of pregnant mice to severe environmental hypoxia, placental architecture, vascular structure and trophoblast composition were well preserved, and ii) severe systemic hypoxemia did not significantly alter placental oxygen levels at the fetomaternal exchange area during placentation, while the placental periphery became clearly hypoxic. Our results suggest that the placenta is protected from hypoxia in the 
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placenta whereas HIF-2α mainly localized to the maternal decidua, imply rather complementary than redundant functions for HIF-1 and HIF-2 in the placenta. Indeed, differential roles for HIFs due to distinct localization in the murine uterus were also suggested during the peri-implantation period (12) . The complex and yet not fully understood regulation and interaction of hypoxia inducible factors and other growth factors makes it difficult to draw a definite conclusion concerning the role of HIF-1α and the involved compensatory mechanisms.
Interestingly, during early placentation when placental blood flow is not yet established, we were unable to detect HIF-1α in the ectoplacental cone (Fig 4B) . Placental cellular oxygen sensitivity may be dependent on gestational age. Nevertheless, HIF-1α expression was induced in our system during hypoxic exposure indicating that oxygen sensitivity is preserved We have shown preservation of normal tissue oxygenation in the placental labyrinth even during severe systemic hypoxia, and provide evidence for hypoxia-induced activation of nitric oxide (NO) synthases (NOS) being responsible for tissue protection. NOS catalyze the production of NO that represents a potent vasodilator (9, 19) . In mammals, three NOS isoforms have been identified: neuronal nNOS, inducible iNOS, and endothelial eNOS.
Whereas iNOS expression is induced by cytokines, hypoxia and other agents (20, 32), eNOS is constitutively expressed but is known to be activated by physical and metabolic stimuli such as shear stress and hypoxia as well (6, 9, 35) . Indeed, it has recently been shown that the eNOS promoter contains a hypoxia response element and thus might be a HIF target gene NOS up-regulation as a mechanism for preserved tissue oxygenation. As L-NAME inhibits all NOS isoforms, we cannot exclude that inhibition of iNOS also contributed to the observed effects although no hypoxic iNOS upregulation was found. Furthermore, systemic cardiovascular effects of L-NAME might have influenced placental perfusion, as L-NAME increases arterial pressure and reduces heart rate and cardiac output (24, 34) . Finally, hypoxic changes in metabolic parameters such as glucose levels or acid-base status might have influenced placental oxygenation as well. We observed reduced food intake and activity of hypoxic mice including a decrease in ventilatory VO 2 and VCO 2 (43) . Furthermore, tissue glycogen levels have been shown to be decreased in hypoxic rats (36) and inhibition of brown adipose tissue sympathetic nerve activity during hypoxia has been suggested to directly contribute to the hypoxia-evoked reduction in body temperature and oxygen consumption serving as adaptive responses to decreased oxygen availability (28) .
Albeit an important role for NOS in preserving placental perfusion during hypoxia has been postulated (49), to our knowledge, this is the first report showing selective inhibition of NOS activity resulting in a severe reduction of placental oxygenation. In conclusion, our results 
